Simulated interaction of MHD shock waves with a complex network-like
  region by Santamaria, Irantzu C. et al.
ar
X
iv
:1
60
4.
08
78
3v
1 
 [a
str
o-
ph
.SR
]  
29
 A
pr
 20
16
Astronomy & Astrophysics manuscript no. 28515˙am c© ESO 2018
September 23, 2018
Simulated interaction of MHD shock waves with a complex
network-like region
I.C. Santamaria1,2, E. Khomenko1,3,4, M. Collados1,3, A. de Vicente1,3
1 Instituto de Astrof´ısica de Canarias, 38205 La Laguna, Tenerife, Spain
2 Centre for mathematical Plasma Astrophysics, Department of Mathematics, KU Leuven, Celestijnenlaan 200B, B-
3001 Leuven, Belgium
3 Departamento de Astrof´ısica, Universidad de La Laguna, 38205, La Laguna, Tenerife, Spain
4 Main Astronomical Observatory, NAS, 03680, Kyiv, Ukraine
Received; Accepted
ABSTRACT
We provide estimates of the wave energy reaching the solar chromosphere and corona in a network-like magnetic field
topology, including a coronal null point. The waves are excited by an instantaneous strong subphotospheric source
and propagate through the subphotosphere, photosphere, chromosphere, transition region, and corona with the plasma
beta and other atmospheric parameters varying by several orders of magnitude. We compare two regimes of the wave
propagation: a linear and nonlinear regime. While the amount of energy reaching the corona is similar in both regimes,
this energy is transmitted at different frequencies. In both cases the dominant periods of waves at each height strongly
depend on the local magnetic field topology, but this distribution is only in accordance with observations in the nonlinear
case.
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1. Introduction
Magnetohydrodynamic (MHD) waves are stochastically ex-
cited below the photosphere as a result of plasma mo-
tions in the convection zone (Goldreich & Keeley, 1977;
Balmforth, 1992; Nordlund & Stein, 2001). The magnetic
field concentrations embedded in the intergranular lanes
suffer footpoint motions, which also generate waves in these
structures that propagate through the solar atmosphere
(Hasan et al., 2000; Kato et al., 2011) carrying with them
magnetic and acoustic energy. This energy can be dissi-
pated into heat in the upper chromosphere and corona via
nonlinear events and associated microphysics. As a conse-
quence, MHD waves are believed to be important contrib-
utors to chromospheric and coronal heating (see Arregui,
2015, for a recent review).
Of particularly interest are the questions of what
amount of wave energy excited in subphotospheric layers
reaches the chromosphere and corona and how the wave
modes reaching there can be dissipated to convert their
energy into heat, i.e., how the solar atmospheric layers
are magnetically and energetically connected by means of
waves. Only a few numerical studies address this question
by simulating waves in the domain covering from the photo-
sphere to the corona (Fedun et al., 2011; Santamaria et al.,
2015). In their 2D simulations of high-frequency wave prop-
agation, Fedun et al. (2011) find that magneto-acoustic
waves in a wide range of high frequencies can leak energy
effectively into the corona. These authors considered an iso-
lated magnetic flux tube that becomes vertical in the chro-
mosphere. Santamaria et al. (2015) show the energy prop-
agation in the linear regime by waves excited below the
photosphere from different driving mechanisms that prop-
agate in a complex magnetic field configuration. They use
drivers with more realistic periods of 3-5 minutes and con-
clude that the waves get into the corona more preferably
inside the vertical flux tubes, being the energy is of acoustic
nature.
Here we extend the latter work with the aim of study-
ing the influence of nonlinearities in the wave behavior and
energy transport to the chromosphere and corona. To that
purpose, we perform simulations of waves driven by an in-
stantaneous pressure pulse located below the photosphere
with an amplitude that is sufficiently large to develop non-
linearities. This model is compared with an identical sim-
ulation studied previously in Santamaria et al. (2015), ex-
cept for the strength of the driving pulse causing a linear
wave propagation.
2. Numerical method
We solve in 2D the ideal magnetohydrodynamic equations
of conservation of mass, momentum, energy, and the induc-
tion equation for the magnetic field,
∂ρ
∂t
+∇ · (ρv) =
[∂ρ
∂t
]
diff
, (1)
∂(ρv)
∂t
+∇
[
ρvv+
(
p+
B2
2µ0
)
I−BB
µ0
]
= ρg+
[∂(ρv)
∂t
]
diff
, (2)
∂p
∂t
+ (v · ∇)p+ γp(∇ · v) =
[∂p
∂t
]
diff
, (3)
∂B
∂t
= ∇× (v ×B) +
[∂B
∂t
]
diff
, (4)
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Fig. 1. Perturbation of the acoustic energy flux proxy in the direction parallel to the magnetic field for three different
horizontal positions: (left) x = 500 km, inside the vertical flux tubes; (middle) x = 3750 km, in the middle of the arcades
where the magnetic field is mostly horizontal; and (right) x = 7500 km, in the middle of the domain where the null point
is located. Upper row: nonlinear case, bottom row: linear case. The energy proxy is given in
√
erg/cm2s. The plots were
scaled to the corresponding amplitude of the pressure driver so that the colors in each figure can be directly compared.
Overplotted green lines in the upper panels show the slopes on the linear fronts to compare both regimes more directly.
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Fig. 2. Perturbation of the magnetic energy flux proxy in the direction transverse to the magnetic field. The format and
units of the figure is same as Fig. 1.
where all the notations are standard. We use an ideal equa-
tion of state and γ = 5/3. The terms with subscript “diff”
are the artificial hyper-diffusive terms required for the nu-
merical stability of the code (see Felipe et al., 2010). After
removing the equilibrium condition, we solve these non-
linear equations by means of the code mancha, which is
described in detail in Khomenko & Collados (2006) and
Felipe et al. (2010). The numerical code solves the nonlin-
ear equations for perturbations. Nevertheless, in the simu-
lations where the linear regime is desired, the amplitude of
the perturbations can be kept small enough to avoid non-
linearities.
2.1. Simulation setup
We make use of the atmospheric models described in
Santamaria et al. (2015) to perform these simulations. The
magnetic field is potential, which is composed of two ver-
tical flux tubes of the same polarity and separated by an
arcade-shaped field (see Fig. 3). This magnetic field con-
figuration is superimposed on a plane-parallel atmosphere
with vertical stratifications in pressure, density, and tem-
perature. The two simulations analyzed here are identical
in all parameters except for the strength of the driving pres-
sure pulse. This pulse is instantaneous and is located at the
base of the arcades in the middle of the domain
δp1
p0
= Aγ exp
[
−
((x− x0)2
2σ2
x
+
(z − z0)2
2σ2
z
)]
(5)
δρ1
ρ0
= A exp
[
−
( (x− x0)2
2σ2
x
+
(z − z0)2
2σ2
z
)]
, (6)
where A is the relative amplitude of the pulse, which is
A = 0.2 in the nonlinear and A = 10−5 in the linear case,
[x0, z0] = [7500,−3500] km are the coordinates at which the
pulse is located, and σx=σz=700 km are the widths of the
two-dimensional Gaussian profile. Such a pulse generates a
superposition of waves in a broad range of frequencies.
To avoid spurious reflections of waves at the vertical
boundaries of the domain, we add two perfectly matched
layers (PML; Berenger, 1994) of 20 (bottom) and 40 (top)
grid points; see Felipe et al. (2010) for details. Periodic
boundary conditions are used in the horizontal direction.
The duration of the simulations is 3000 sec.
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Fig. 3. Spatial distribution of the dominant frequencies of the vertically propagating waves for a maximum frequency of
10 mHz for (left) linear and (right) nonlinear regimes. Dashed blue lines denote β = 1 contours, white solid horizontal
lines indicate the transition region and black solid lines indicate magnetic field lines. The vertical white dashed lines
indicate the vertical slices for which the time-height diagrams are shown in Figs. 1 and 2.
3. Wave behavior
We proceed by calculating the acoustic and magnetic wave
energy flux proxies, given by the longitudinal and trans-
verse velocities multiplied by
√
ρ0cs and
√
ρ0va, respec-
tively, where cs is the sound speed and va refers to the
Alfve´n speed. These quantities give us an approximation of
acoustic and magnetic energy fluxes propagating in the at-
mosphere, along and transverse to the magnetic field lines,
respectively.
Figs. 1 and 2 show time-height diagrams for acoustic
and magnetic energy flux proxies, respectively, at three rep-
resentative horizontal locations of the domain, which are
indicated in the figure for the nonlinear (top) and linear
(bottom) cases. The energy flux proxies were normalized
to the corresponding amplitude of the pulse to facilitate a
direct comparison of the figures. Since the nonlinear phe-
nomena are more pronounced in the upper atmosphere, we
first focus on the region above 0 km. We only show half of
the simulation time because the energy proxies start to de-
crease considerably after t = 1500 s as a result of the energy
escape from the domain, and no additional information is
obtained from subsequent time steps.
In Fig. 1, which shows the acoustic energy flux proxy,
it can be appreciated that the linear and nonlinear wave
fronts differ significantly. Inside the vertical flux tubes (left
panels), the acoustic energy reaches the corona faster in the
nonlinear regime. The larger propagation velocity is a di-
rect consequence of the nonlinear wave behavior produced
by the larger velocities generated by the stronger driver.
This effect can be identified by the more vertical orienta-
tion of the wave fronts in the time-height diagrams corre-
sponding to the nonlinear regime (clearly noticeable in the
chromosphere and above). The acoustic energy reaching the
corona at the time around t ∼ 400 s is clearly larger in the
nonlinear case. After 700 seconds, the acoustic energy flux
fronts reaching the corona from the lower layers of the flux
tube are steeper in the nonlinear regime.
At the middle of the arcades (central panels of Fig. 1),
where the magnetic field is almost horizontal, the energy
flux also reaches the corona faster in the nonlinear case.
This is because the selected location (x = 3750 km) for the
time-height diagram crosses the expanding flux tube above
4 Mm, where where propagating acoustic waves are aligned
in the field (see dashed vertical lines in Fig. 3). As a con-
sequence, the acoustic energy flux appears in the corona
earlier in the nonlinear case, due to the larger wave propa-
gating speeds. At the same time, the region at the middle
of the arcades is strongly influenced by the null point. The
movie of the simulations (see Appendix A) shows how waves
reaching the null point are resent outward again in all direc-
tions. The waves coming from the null point together with
those coming from the flux tubes and lower layers, lead to a
superposition of waves, making the wave fronts cancel each
other out. This can be appreciated more clearly in the lin-
ear regime, where there is a lack of acoustic energy above
4 Mm.
The right panels of Fig. 1 show the acoustic energy flux
proxy at the middle of the domain where the null point is
located. The acoustic energy flux propagation again differs
between the linear and nonlinear regimes. The wave fronts
in the nonlinear case are sharper as waves steepen to shocks.
At the time interval between 400 and 500 s, we observe a
curious phenomenon of a high-frequency wave propagation
just below and above the null point. This phenomenon is
only present in the nonlinear regime. The movie of the sim-
ulations (see Figure A.2 in Appendix A) shows that these
waves are triggered strongly outward from the null point.
They propagate until the end of the simulation time, but
their amplitude decreases as they escape from the domain
through the upper boundary. Below the null point we see
sharp fronts in the nonlinear case. These are, again, hydro-
dynamic shock waves propagating from the chromosphere
to the corona in a rather vertical field.
Fig. 2 shows the magnetic energy flux proxies for both
linear and nonlinear cases. The time-height diagrams at the
same three different vertical slices of the domain show that
the magnetic energy flux behavior is very similar in both
cases, except for the first strong front reaching the upper
corona in the nonlinear case. The similar behavior of waves
in the two different regimes suggests that the magnetic en-
ergy is less influenced by nonlinearities, which is expected
because the wave amplitudes are sub-Alfve´nic. At the mid-
dle of the arcades (central panels) the wave front reaching
the corona is composed of high-frequency oscillations, as
mentioned above. We defer the discussion of these oscilla-
tions to a separate paper. To analyze the magnetic energy
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flux proxy close to the null point, we moved one grid point
to the left (x=7450 km instead of 7500 km),= because in the
middle of the domain the energy flux is almost zero (right
panels of Fig. 2). Most of the energy flux stays around the
equipartition layer owing to the refraction of fast-magnetic
waves, as seen for the other locations in the domain.
As a result, apart from the (expected) larger velocities
and shock formation in the nonlinear regime, a most im-
portant result is that the interaction with the null point is
different between the two regimes. While the nonlinear sim-
ulation creates high-frequency waves around the null point,
the linear case results in a different interference pattern be-
low the transition region. The fraction of energy reaching
the chromosphere and corona is, however, similar for both
regimes.
4. Frequency distribution
The pressure pulse produces waves in a broad range of fre-
quencies. The dependence between the dominant wave fre-
quency and the magnetic topology is shown in Fig. 3. This
figure compares the linear case left panel with the nonlinear
case right panel. In the nonlinear case the waves around the
null point have a frequency of 80 mHz, while the frequency
does not exceed 20 mHz in the rest of the domain. For pur-
poses of better visualization and comparison between linear
and nonlinear propagation regimes, we limited the maxi-
mum frequency to 10 mHz in Fig. 3. The high-frequency
region appearing owing to nonlinear effects around the null
point will be analyzed in detail in forthcoming works.
According to the left panel of Fig. 3, in the linear regime
we observe 3-4 mHz oscillations in the photosphere, which
is below equipartition layer at all locations except for some
regions at the interface between the flux tubes and the ar-
cades. In the chromosphere we observe 5-6 mHz oscillations
in vertical (or close to vertical) magnetic fields, while higher
frequencies are found in more inclined and horizontal mag-
netic field regions.
In the nonlinear regime (right panel of Fig. 3,) this
picture changes. We observe 4 mHz oscillations reach-
ing the corona along the external part of the flux tubes,
where the magnetic field is more inclined, while at the
internal part of the flux tubes, oscillations of 6 mHz
dominate. This distribution resembles that observed in
a solar plage or in the network (Deubner & Fleck, 1990;
Lites et al., 1993; Vecchio et al., 2007; de Wijn et al., 2009;
Khomenko & Calvo Santamaria, 2013), unlike in the linear
case where only oscillations with frequencies around 5 mHz
are transmitted through the transition region to the corona
at the locations around the flux tubes.
Outside the vertical flux tubes, in the corona, frequen-
cies in the range 7–10 mHz are found in the linear case
(yellow regions above 2 Mm at the left panel). In the nonlin-
ear regime, waves with these high frequencies are refracted
at the transition region propagating downward along the
magnetic canopy (yellow regions around 1 Mm height at
the right panel). The remaining oscillations above the ar-
cades and below the null point have frequencies of 4 mHz.
Therefore, we conclude that only the nonlinear case ade-
quately describes the observed frequency distribution.
5. Discussion and conclusions
In this work, we have analyzed the nonlinear behavior of
MHD waves by comparing two simulations that only dif-
fer by the strength of the driving pulse. We find that the
time-height diagrams for the acoustic energy differ signif-
icantly, while this is not the case for the magnetic energy
because the amplitudes of the waves are sub-Alfve´nic, but
not sub-sonic. Despite the larger propagation speed and
the presence of shock waves in the nonlinear simulation
that change the appearance of the time-height diagrams,
we find that the general picture of the mode propagation
and fast wave refraction is similar in both regimes. However,
the difference in the wave propagation speeds results in a
different interference pattern of waves at heights between
the equipartition region (around 1 Mm) and the transition
region (above 2 Mm). The interaction of the waves with
the null point is also different, producing an apparent high-
frequency pattern in the nonlinear regime.
While the fraction of energy that reaches the corona is
similar in both regimes, we find that it is transported at dif-
ferent frequencies. The analysis of the relation between the
topology of the magnetic field and the dominant frequency
of waves in both linear and nonlinear regimes shows that
the nonlinear wave propagation is more realistic than the
linear wave propagation. In the nonlinear case we obtain
three minute oscillations at locations with more vertical
field and four to five minute oscillations at locations with a
more inclined field around flux tubes. Such frequency distri-
bution, also seen in simulations by Heggland et al. (2011),
resembles plage and network areas. In the corona above
the arcades with a horizontal magnetic field, we find high-
frequency oscillations in the linear regime, but 5-min oscil-
lations in the nonlinear regime, which is again more realis-
tic.
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Appendix A: Available movies
This Appendix aims to briefly explain what is shown in the
available online movies.
Fig.A.1. Attached movie shows the linear wave propaga-
tion by means of acoustic (left panel) and magnetic (right
panel) energy flux proxies. These quantities are the same
as shown in Figures 1 and 2 and the units are given in√
erg/cm2s . The equipartition layers (β = 1 layer) are in-
dicated with black dashed lines, while the transition region
is shown with a red solid line.
Fig.A.2. Attached movie shows the nonlinear wave propa-
gation by means of acoustic (left panel) and magnetic (right
panel) energy flux proxies. These quantities are the same
as shown in Figures 1 and 2 and the units are given in√
erg/cm2s . The equipartition layers (β = 1 layer) are in-
dicated with black dashed lines, while the transition region
is shown with a red solid line.
